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the shock ramp. Decay of these disordered fluctuations may then occur via magnetic reconnection at current sheets and magnetic islands. These structures thus are closely associated with magnetic reconnection.
In this letter, we demonstrate for the first time that active magnetic reconnection is occurring in the transition region of Earth's quasi-parallel bow shock. We show that reconnecting current sheets are present within a disordered transition region close to the shock ramp, which is consistent with the appearance of these structures in recent hybrid and kinetic shock simulations (Bohdan, Niemiec, Kobzar, & Pohl, 2017; Gingell et al., 2017; Karimabadi et al., 2014; Matsumoto, Amano, Kato, & Hoshino, 2015) . Magnetic reconnection, for which localised changes in magnetic topology result in rapid transfer of energy from fields to particles, has been observed in detail by Magnetospheric Multiscale (MMS) at Earth's magnetopause (Burch et al., 2016) and more recently in the turbulent magnetosheath (Phan et al., 2018) . In contrast to magnetosheath observations reported in (Phan et al., 2018) , structures discused here appear within seconds of crossing the bow shock, suggesting a close association with shock processes and a rapid evolution. In the standard model, reconnection occurs within an electron-scale diffusion region (Burch et al., 2016; Vasyliunas, 1975) , while at ion scales coupled ions are ejected from the diffusion region as bi-directional jets (Gosling, Skoug, McComas, & Smith, 2005; Paschmann et al., 1979; Phan et al., 2000) . Reconnection exhausts then extend to much larger scales. In turbulent plasmas, magnetic reconnection is thought to play an important role in dissipation of energy at kinetic scales (Matthaeus & Lamkin, 1986; Retinò et al., 2007; Servidio, Matthaeus, Shay, Cassak, & Dmitruk, 2009; Sundkvist, Retinò, Vaivads, & Bale, 2007) . Given the observations of electron heating detailed in this letter, we raise the question of how reconnection can contribute to shock energetics.
A Reforming, Quasi-parallel Shock
Here we discuss a crossing of Earth's bow shock by the four MMS spacecraft on 26 January 2017, 08:13:04 UTC. The mean spacecraft separation was 7km. Electromagnetic field data are provided by the flux gate magnetometer (FGM) (Russell et al., 2016) and electric field double probe (EDP), both within the FIELDS suite (Torbert et al., 2016) .
Particle data have been provided by the Fast Plasma Investigation (FPI) (Pollock et al., 2016) . The sampling frequency is 128Hz for the FGM magnetic fields, and 8kHz for the Snapshot of the magnetic field line structure of a hybrid simulation of a reforming quasi-parallel shock (Gingell et al., 2017) , demonstrating the appearance of current sheets and flux ropes within the transition region.
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For the chosen event, the angle between the upstream magnetic field and shock normal is given by θ Bn = 21
• , the Alfvénic Mach number of the upstream flow is M A = 3, the fast magnetosonic Mach number is M fast ≈ 2, and the upstream plasma beta is β = 1.4. An overview of the event is shown for MMS1 in Figure 2 . The magnetic field data in panel (a) demonstrates the presence of a transition region (highlighted in grey)
between the relatively quiescent magnetosheath (before 08:14:04) and solar wind (after 08:16:04). Within this region the magnetic field is disordered, exhibiting multiple directional discontinuities. Using all four MMS spacecraft, we can use the curlometer method (Robert, Dunlop, Roux, & Chanteur, 1998) to determine the barycentric current density, shown in panel (b). The high amplitude, narrow peaks within the current density (i.e. ∇ × B/µ 0 ) reveal several narrow current sheet-like structures with peak current densities on the order of 1µAm −2 . This transition region is associated with significant fluctuations of the electron velocity, and enhancements in the electron number density and temperatures. Although we also observe fluctuations in the ion temperatures, there is no enhancement across the full transition region. We note that the change in field and plasma properties from the magnetosheath to the transition region at 08:14:04 may be in part associated with changes in the upstream plasma conditions rather than stationary shock structure.
In the solar wind, periodic reductions in the wind speed, visible at 08: 16:20 and 08:16:40 in the ion differential energy flux and the bulk velocity V eX (panels (g) and (c)), suggest that, as with the simulation in Figure 1 , this shock may be undergoing cyclic selfreformation (Burgess, 1989) on a 20s timescale. Thus, this event is appropriate for evaluating the predictions of recent hybrid simulations of reforming, quasi-parallel shocks with respect to reconnection (see Gingell et al. (2017) and Figure 1 ).
Current Sheets
For discussion of individual coherent structures, we introduce a new coordinate system derived by using a hybrid minimum variance analysis (Gosling & Phan, 2013; Phan et al., 2018) . The current sheet normal N is determined using B 1 ×B 2 / |B 1 × B 2 |, where Given the directions of the magnetic field, current and electron jet, we can infer the trajectory of spacecraft through an idealised reconnection site. This trajectory is shown with a red arrow in the top left of Figure 1 . We note that all four MMS spacecraft observe similar features, suggesting all four cross the current sheet on the same side of the diffusion region. The preceding analysis demonstrates that reconnection occurs within the transition region of a quasi-parallel shock. Similarly to recent observations of magnetosheath reconnection (Phan et al., 2018) , the outflow jet and particle heating appear limited to electrons. However, in this example, the current sheet width is larger; on the order of the ion inertial length. Given the lack of ion response, this suggests that this feature is relatively young, on the order of the ion gyro-period or less, and may have just formed. This is supported by recent hybrid simulations, which suggest that reformation-driven generation of current sheets occurs on timescales faster than the ion gyro-period (Gingell et al., 2017) . It may be that an ion jet exists further from the reconnection site than the spacecraft trajectories pass. Although we do not observe clear ion jets for any other potential reconnection event associated with this shock, it may be that ion jets embedded within the turbulent structure of the transition region exhibit unexpected orientations. Observations of the magnetopause suggest that 1.7% of the available inflow magnetic energy is transferred to the electrons during reconnection (Phan et al., 2013) , i.e.
∆T e = 0.017m i V AL,inflow . For the asymmetric current sheet detailed in Figure 3 , this is given by ∆T e = 0.2eV . This is consistent with a mean electron temperature increase of 0.5eV across the current sheet. However, we note that reconnection at the shock appears to partition energy differently to magnetopause reconnection, favouring the electrons. The total heating across the transition region can be seen in panels (e) and (f)
of Figure 2 . We find that the electron temperature rises from 20eV to 33eV in the ramp, and continues to rise another 7eV within the transition region. Thus, 35% of the total shock electron heating occurs in the transition region. We note that no similar trend is visible in the ion temperatures, suggesting again that dissipative processes in this region affect only electrons. We can estimate the ability of reconnection to provide the observed 7eV heating by considering the magnetic energy of the fluctuations per electron, E f = (δB) 2 /(2µ 0 n e ), where δB = |B − B |. For the transition region shown in Figure 2 , E f = 20eV per electron, while in the magnetosheath E f = 10eV . A 10eV dissipation is consistent with the observed 7eV electron temperature increase across the transition region. However, further work is required to establish the balance between reconnection and other dissipative processes in accounting for this temperature change.
Mechanisms for electron heating are strongly dependent on shock parameters such as the Mach number, θ Bn , and plasma betas (Ghavamian, Schwartz, Mitchell, Masters, & Laming, 2013) . At supernova remnants, heating can be driven by waves excited by shock reflected ions or streaming cosmic rays, via the lower hybrid drift instability (Ghavamian,
-10-manuscript submitted to Geophysical Research Letters Laming, & Rakowski, 2007) or the Buneman instability (for M A > 50) (Cargill & Papadopoulos, 1988) . Within the solar wind, heating may be driven by a modified two-stream instability or electron cyclotron drift instability (Matsukiyo, 2010; Umeda, Kidani, Matsukiyo, & Yamazaki, 2012) , or simply by the cross shock potential (Lefebvre, Schwartz, Fazakerley, & Décréau, 2007) . However, these mechanisms are most efficient for quasiperpendicular shocks. Thus, the observation of reconnection-driven heating at a quasiparallel shock represents an important development in the characterisation of energy partition at shocks in both astrophysical and space plasmas.
The reconnection event featured in this paper represents a regime in which the current and reconnection outflows are associated only with electrons, similar to the magnetosheath event reported by (Phan et al., 2018) . However, in this case the scale lengths are on the order of the ion inertial scale. This suggests that these current sheets are not generated by a turbulent cascade to electron scales. The lack of ion response, however, is consistent with a rapid onset time. Given the proximity of the current sheets to the shock ramp, and the timescale for cyclic reformation for similar shocks (Gingell et al.,
